Objectives. In this study, we have established an in vitro threedimensional (3D) coculture, where normal endometrial stromal cells and endometrial cancer cells were cocultured under defined hormonal conditions, to investigate the potential paracrine effects on synthesis and secretion of matrix metalloproteinases (MMPs) and, thus, cancer invasion. Conclusions. These findings suggest that stromal cell-derived MMP-2 is translocated to the surface of HEC-1A cells. Integrin ␤3 subunit might contribute, in part, to providing a binding site for MMP-2. Thus, HEC-1A cells invade by recruiting MMP-2 secreted by stromal cells, which is greatly enhanced in the presence of ␤-estradiol. The 3D coculture provides an excellent experimental system in which single parameters can be isolated from a complex in vivo system in the process of endometrial cancer invasion.
INTRODUCTION
Invasion and metastasis of cancer cells are known to be initiated by an interaction between cancer cells and host cells, and extracellular matrix (ECM) plays a major role in recognition and migration of cancer cells [1] . The mechanisms involved in cellular invasion and migration include cell-cell or cell-ECM attachment, proteolytic modification of ECM, and then migration through the modified matrix by a cancer cell. Similar mechanisms seem to apply to angiogenesis, trophoblast invasion, and wound healing. Among various cellular mediating components, matrix metalloproteinases (MMPs) and integrins have been implicated in this process [2] [3] [4] [5] .
MMPs are zinc-requiring proteinases that exert their actions after being secreted into the extracellular milieu, and the expression and secretion processes are known to be regulated by a variety of soluble factors including hormones, cytokines, and growth factors [6] . A number of studies have demonstrated that expression of MMPs is closely related to invasion and metastasis of tumors, both in vivo and in vitro [7] . Among various types of MMPs, MMP-2 and MMP-9, both belonging to the gelatinase subgroup, have been shown to play a major role in cancer invasions. Itoh et al. [8] showed that tumor metastasis was significantly reduced in MMP-9-knockout mice, and McDonnell et al. [9] demonstrated that during human colorectal cancer invasion, cancer cells enhanced the production of MMP-9 by host cells. It has also been reported that the expression of pro-MMP-2 and membrane-type MMP (MT-MMP) in host fibroblasts is greatly enhanced in response to tumor cell invasion and in response to metastasis in a human ovarian carcinoma [10, 11] .
Signals created by the interaction of cells with ECM components such as fibronectin, vitronectin, and type I collagen have been shown to be relayed across the membrane through a family of cell surface receptors, mostly belonging to the family of integrins. Integrin is a transmembrane protein composed of ␣ and ␤ subunits, forming many different ␣␤ heterodimeric combinations on cell surfaces that act as receptors for ECM or other adhesion molecules [12, 13] . Recent studies have shown that integrins are implicated in cellular motility and metastasis in some tumor cells. For example, the integrin ␣v␤3 was activated in normal epithelial cells on stromal infiltration of carcinoma cells in a growth factor-dependent fashion [14] . In a study by Gehlsen et al. [15] , tumor cell migration was suppressed when arginine-glycine-aspartic acid (RGD) synthetic sequences were added. Further, studies by Brooks et al. [5] demonstrated that MMP-2 binds directly to integrin ␣v␤3, and is localized on the surface of the invasive tumor cell. This localization appears to provide migratory cells with matrix degradation and cellular motility.
The role(s) of ovarian steroids in the development of endometrial cancers has been reviewed [16] . Estrogen was shown to be related to increased risk of endometrial adenocarcinoma, whereas progesterone protected against the development of endometrial cancer. Expression of estrogen-dependent oncogenes such as c-Ha-ras, c-fos, and c-jun was suggested to be involved in the etiology of metastasis [17] . Several lines of evidence also indicated that production of endometrial MMPs was modulated by ovarian steroids [18, 19] .
We have used in vitro 3D cocultures of human endometrial stromal cells and endometrial carcinoma cells to mimic the in vivo environment under very defined hormonal conditions. The validity of 3D endometrial coculture was previously described [20] . In this study, we explored paracrine interactions in the regulation of MMP-2 and MMP-9 expression. Expression of stromal cell-derived MMP-2 was increased by ovarian steroid. However, expression of MMP-9 was suppressed by ovarian steroid. Relevance to the invasiveness of carcinoma cells was discussed.
MATERIALS AND METHODS

Cell Preparations
A well-characterized human endometrial adenocarcinoma cell line, HEC-1A, was purchased from the American Type Culture Collection (ATCC HTB-112). The carcinoma cells were maintained according to the provider's instruction. The cells were then adjusted to DMEM (Gibco) with 10% fetal bovine serum (FBS) (Gibco). Human endometrial tissue was isolated by curettage in hysterectomy from the uterus of a patient who underwent surgery at Ajou University Hospital (Suwon, Korea), but showed no sign of endometrial diseases. Informed consent was obtained from the patient before surgery. Endometrial tissue in DMEM/F-12 medium (Gibco) was transferred to the laboratory, and endometrial tissue minces were agitated in 5 ml of trypsin-EDTA solution (0.05% trypsin and 0.53 mM EDTA ⅐ 4Na in Hanks' balanced salt solution, Gibco) plus 600 l of pancreatin solution (Gibco) at 37°C for 10 min. The enzymatic reaction was stopped by adding 6 ml of DMEM with 10% FBS. After centrifugation for 10 min at 600 rpm, the pellet was resuspended in 10 ml of DMEM plus 10% FBS supplemented with 100 nM ␤-estradiol (Sigma). The suspension was left sitting for 30 min at room temperature, and the upper two-thirds of the stromal cell-rich fraction was collected and inoculated on a culture plate for 24 h. The plate was then rinsed several times with serum-free DMEM/F-12 medium to remove red blood cells, glands, and large epithelial fragmentary masses. The stromal cells were allowed to grow in the same medium to confluence at 37°C in a humidified chamber supplied with 5% CO 2 .
Three-Dimensional Coculture
Construction of 3D coculture was established according to Ohtake et al. [21] with a minor modification. The stromal cells (2 ϫ 106 cells per well) were mixed with collagen I plus matrigel (4:1 v/v) at the final volume of 1 ml, and plated in a 12-or 24-well plate. The cell-gel mixture, termed "artificial tissue," was then allowed to solidify for 20 min in a humidified 37°C incubator supplied with 5% CO 2 . The solidified artificial tissue was cultured further for 24 h in DMEM plus 10% FBS, then subjected to several washes with DMEM containing 0.3% growth factor-reduced human serum albumin (HSA, Gibco) before being transferred to DMEM plus 0.3% HSA and various ovarian steroids [no hormone, 100 nM ␤-estradiol (E 2 ), or 1.0 M progesterone (P4)] for another 24 h (now termed "remodeled tissue"). Then 2 ϫ 105 HEC-1A cells were inoculated on top of the remodeled tissue directly and cocultured for 3-5 days before immunocytochemical preparations. For RT-PCR, HEC-1A cells were first placed in a culture insert having a layer of 0.45-m-pore size-membrane coated with collagen I/matrigel mixture. Then, HEC-1A cells contained in the insert were placed on the remodeled tissue. Using a membranous culture insert enabled us to separate stromal cells from HEC-1A cells while preserving soluble factor-mediated cellular communications. The medium was changed every 2 days.
Immunocytochemistry
Immunocytochemical preparation and staining were performed according to a standard paraffin block method [22] . The primary anti-human goat polyclonal antibodies against integrin ␤3 subunit, MMP-2, or MMP-9 (Santa Cruz) were diluted to 1:400 before incubating with sliced specimens for 15 min. After being washed with phosphate-buffered saline (PBS) three times, the specimen was incubated with FITC-conjugated second antibodies (Santa Cruz), subjected to three washes with PBS, sealed with Canadian balsam, and observed under a confocal microscope (MR-AG/2, Bio-Rad).
RT-PCR
Total RNA was extracted from stromal cells and HEC-1A cells using RNAsol B (Biotech Lab) according to the manufacturer's instruction. Only high-purity RNA, with a 260 nm/ 280 nm absorbance ratio higher than 1.9, was used for cDNA synthesis. Four to five micrograms of total RNA was subjected to cDNA synthesis with oligo(dT) (18 bases) and reverse transcriptase EX (Takara Shuzo, Japan). For further amplification in PCR, MMP-2 and MMP-9 primers were designed by a primer designing software Primer3 (available at steve@genome.wi.mit.edu) to minimize cross-contamination from other MMPs. The sequence of primers and the expected product sizes are: forward 21-mer 5Ј-ATGCTTCCAAACT-TCACGCTCT-3Ј, reverse 22-mer 5Ј-ATGCTTCCAA ACT-TCACGCTCT-3Ј, and 828-bp product for MMP-2; forward 22-mer 5Ј-CACACCACAACATCACCTATTG-3Ј, reverse 20-mer 5Ј-CAGGGTTTCCCATC AGCATT-3Ј, and 515 bp for MMP-9. All the primers were custom-synthesized and purified (Bioneer, Korea). PCR was conducted with EX Taq polymerase (Takara Shuzo, Japan) according to the manufacturer's recommendation with 1 cycle of 3 min at 94°C; followed by 35 cycles of 30 s at 94°C, 30 s at 57°C, and 1 min at 72°C; and 1 cycle of 5 min at 72°C. For MMP-9, a second round of PCR was performed with the same cyclic scheme if necessary.
Invasion Assay
Invasiveness of HEC-1A cells into stromal cells in the 3D coculture was quantified by using a transwell polycarbonate membrane insert of 10-mm diameter and 8-m pore size (Boyden's chamber, Nalge Nunc). A membrane insert was coated with 100-l of 1:8 diluted matrigel in cold DMEM (Biocoat) and dried under a laminar airflow for overnight. Approximately 1 ϫ 10 5 HEC-1A cells were inoculated on each insert and cocultured on the stromal cell-containing 3D gel with daily medium replenishment. After 3 days, the transwell membrane insert was washed three times with PBS and fixed in 4% paraformaldehyde in PBS at 25°C for 3 h. After gentle washing in PBS, the fixed cells were made permeable by ice-cold methanol, followed by 5 min washing. The cells were subsequently stained in Mayer's hematoxylin solution (Sigma) for 2 min, and destained in PBS for 10 min. The transwell membrane was cut, mounted on a slide glass upside down, immersed in a diluted glycerol solution (1:10 in PBS), and observed under a microscope. The HEC-1A cells that had migrated through the membrane pore were counted. All other chemicals were purchased from Sigma unless otherwise mentioned.
Statistical Analysis
One-way ANOVA was used to analyze the invasion assay results (P Ͻ 0.05).
RESULTS
Immunocytochemical Localization of MMPs and Integrins
To explore paracrine interactions in the regulation of MMP-2 and MMP-9 by ovarian steroids, purified human endometrial stromal cells and clonal HEC-1A cancer cells were cocultured. Immunocytochemical localization showed that stromal MMP-2 was detected under all three hormonal conditions (Figs. 1A-1C) . By contrast, stromal MMP-9 was detected only in P4, but to a much lesser extent (Fig. 1D) . Immunoreactivity for MMP-2 or MMP-9 was evenly distributed in the cytoplasm. We then investigated localization of the integrin ␤3 subunit on the surface of HEC-1A cells because integrin ␣v␤3 has been implicated in anchoring some MMPs on the surface of tumor cells during invasion and metastasis [5] . Integrin ␤3 subunit was localized mainly on the surface of HEC-1A cells, and immunoreactivity for ␤3 subunit did not change in the presence of ovarian steroids (Fig. 2) . Shown in Fig. 3 is the immunocytochemical localization of MMP-2 and MMP-9 in HEC-1A cells in E2. Both MMP-2 and MMP-9 were localized on the surface of HEC-1A cells. Immunoreactivity for MMP-2 was stronger than that for MMP-9. Without coculture with stromal cells, HEC-1A cells showed no immunoreactivity for either of these (data not shown).
RT-PCR
Expression of MMP-2 and MMP-9 was investigated using RT-PCR to assess the ability of ovarian steroids to enhance mRNA expression. MMP-2 mRNA (828 bp as expected from Primer3) was readily detectable in the RT-PCR from stromal cells (Fig. 4A) . The relative expression of stromal MMP-2 mRNA was increased in the presence of ovarian steroids: about a twofold increase in E2 and about a fourfold increase in P4, compared with the no-hormone control. By contrast, synthesis of MMP-9 mRNA (515 bp as expected) was negligible except for minor expression in P4, which was confirmed by the second round of PCR (Fig. 4B) . The RT-PCR analysis in Fig. 5 showed relative expression of stromal MMP-2 and MMP-9 mRNA when HEC-1A cells were not cocultured. The relative expression of MMP-2 mRNA was similarly increased in the presence of ovarian steroids by about three-and fivefold in E2 and in P4, respectively. Stromal MMP-9 mRNA was not detected in the absence of steroids, but E2 and P4 promoted the expression of MMP-9 mRNA to the same extent. RT-PCR results indicate that the presence of HEC-1A cells in the coculture suppresses the expression of stromal MMP-9 mRNA. As for HEC-1A cells, neither MMP-2 nor MMP-9 mRNA was detected by RT-PCR (data not shown).
Invasiveness of HEC-1A Cells
A quantitative invasion assay was performed to measure the invasiveness of HEC-1A cells in the 3D coculture. Each assay was performed three times, and the average number of cells invading along with the standard deviations are shown in 
DISCUSSION
Immunocytochemical localization in the 3D co-culture revealed that stromal MMP-2 was located mainly in the cytoplasm under all steroid conditions. Stromal MMP-9, however, was detected in a low concentration only in P4. Both MMP-2 and MMP-9 were localized on the surface of HEC-1A cells, although immunoreactivity of MMP-9 was weaker. This result raises the possibility that MMP-2 and MMP-9 might be translocated to the surface of HEC-1A cells after being synthesized in stromal cells. A similar observation was made previously [11] in that the secretion of MMP-2 from fibroblasts was increased by a conditioned medium from ovarian cancer cells. Another thing worth mentioning is that the stromal cell-rich fraction we used to construct the 3D culture might contain a small amount of epithelial cells. Therefore, we performed a parallel experiment to distinguish stromal cells from epithelial cells, which are cytokeratine-positive. When a series of paraffin slices were made, one slice was immunostained for MMPs and the very next one was immunostained for cytokeratin. We used cytokeratin negativity when selecting a stromal cell.
Expression of MMP-2 and MMP-9 was further measured by RT-PCR. The RT-PCR results revealed that neither MMP-2 nor MMP-9 mRNA was detected in HEC-1A cells under any hormone condition. We repeated the experiment many times, but never detected mRNA for MMP-2 or MMP-9. To the contrary, both MMP-2 and MMP-9 mRNA were detected in stromal cells, but their expression was regulated differently by ovarian steroids. Expression of MMP-2 mRNA was upregulated in the presence of steroids: about a two-to threefold increase in E2 and about a four-to fivefold increase in P4, compared with the control. However, the expression of MMP-9 mRNA, which appeared to be upregulated by steroids in the absence of HEC-1A cells, was suppressed by steroids in the presence of HEC-1A cells. Results of the immunocytochemical localization and RT-PCR led us to speculate that both MMP-2 and MMP-9 are synthesized in stromal cells and then translocated to the surface of HEC-1A cells. Expression of MMP-2 is upregulated by steroids, while expression of MMP-9 is suppressed by ovarian steroids in the coculture so that the presence of HEC-1A cells imposes a seemingly negative paracrine effect on stromal MMP-9 synthesis. Consistent with this line of speculation, Singer et al. [19] , with in vitro coculture, demonstrated that epithelial cells stimulated the production of MMP-1 in fibroblasts in the absence of ovarian steroids. But this stimulation was abolished by physiological concentrations of ovarian steroids. Also supporting our speculation are studies by Osteen et al. [23] . In in vitro studies with isolated intact endometria, progesterone suppressed the secretion of MMPs from both an epithelial cell and a stromal cell. But isolated epithelial cells gained the ability to continue to secrete an Unlike Fig. 4 , stromal cells were cultured alone. Four to five micrograms of total RNA isolated from stromal cells was subjected to cDNA synthesis by reverse transcriptase before amplification in PCR. M denotes size markers; lanes 1, 4, and 7 show RT-PCR products of ␤-actin (negative internal control); lanes 2, 5, and 8 show MMP-2 mRNA; lanes 3, 6, and 9 show MMP-9 mRNA. The arrows at 828 and 515 bp represent MMP-2 mRNA and MMP-9 mRNA, respectively. epithelium-specific MMP in the presence of progesterone. Therefore, depending on cell-cell interactions, and thus on paracrine communications, ovarian steroids could have dual effects on MMP synthesis.
The phenotype of HEC-1A cells was previously reported [24] . According to the results, HEC-1A cells contain medium amounts of estrogen receptors but no progesterone receptor. Therefore, the invasiveness of HEC-1A cells might be activated by estradiol via estrogen receptors, but inactivated by progesterone as an antiestrogen action. HEC-1A cells could become invasive in the estrogen-predominant milieu, and antiestrogenic agents could protect it.
With these observations in mind, we attempted to determine invasiveness of HEC-1A cells by using Boyden's chamber.
Our results showed that in the group treated with E2, there was a significant increase in invasiveness compared with either the groups with no hormone or the groups with P4 (P Ͻ 0.05). Fujimoto et al. [17] suggested that estrogen is required for endometrial cancer transformation, growth, and secondary spreading by inducing the expression of early genes such as c-fos, c-Ha-ras, and c-jun. In our studies, stromal cancer invasion is increased in an estrogen milieu by increased expression and secretion of MMP-2 by stromal cells. This suggestion deserves more comment. HEC-1A cell invasion was clearly suppressed in the presence of progesterone. Due to the dual action of ovarian steroids on MMP synthesis, MMP-2 mRNA was upregulated, while MMP-9 mRNA was suppressed by steroids. Immunocytochemical staining for MMP-2 is more 
FIG. 7.
Potential signals and molecular pathways involved in HEC-1A invasion. In the coculture of cancer cell and host cell, paracrine interaction is maintained. Ovarian steroid exert its action possibly by mobilizing paracrine factors including HGF in the synthesis and secretion of MMP-2 and MMP-9. The synthesis of MMP-2 is upregulated while that of MMP-9 is suppressed. MMP-2 is the major proteinase translocated to the surface of cancer cells by binding to integrins. Progesterone not only suppresses stromal MMP-9 expression but might increase, although speculative at this point, the availability of TIMPs by unknown mechanisms and, thus, suppress the cancer invasion.
intense than that for MMP-9 on the surface of HEC-1A cells. Therefore, MMP-2 appears to be the main metalloproteinase used in HEC-1A cell invasion. The relative intensity of fluorescence after immunocytochemical staining should be carefully used for quantification when the titers of antibodies are different. We did not dilute antibodies (anti-MMP-2 and anti-MMP-9) serially to match the titer, but according to the manufacturer's manual, both had similar titers. Thus, it is reasonable to expect that the fluorescence intensity is proportional to the amount of target molecules. In this respect, the concentration of MMP-2 is at least threefold higher than that of MMP-9 on the surface of HEC-1A cells.
Many MMPs were shown to be located on the surface of an invasive cell by anchoring with integrin ␣v␤3 [5] . Immunocytochemical localization of integrins revealed that ␤3 subunits were expressed on the surface of HEC-1A cells. And the expression of ␤3 subunit appeared to be steroid insensitive. Compared with the localization of MMP-2 and MMP-9 on HEC-1A cells, there is a possibility that MMPs might be anchored to the surface of HEC-1A cells by interaction with a ␤3-containing integrin. Many possible roles of integrins have been proposed including signal transduction, gene expression, proliferation, apoptosis regulation, invasion and metastasis, and angiogenesis [25] . Our results at least support the idea that integrins are implicated in cell migration and matrix degradation by providing a anchoring site for MMPs, thereby facilitating invasion of stromal cancer.
CONCLUSION
The findings presented in this report demonstrate that first, the interaction between HEC-1A cells and stromal cells in vitro regulates the expression of MMP-2 and MMP-9 in a paracrine fashion similar to that of the in vivo endometrial stromal cell and epithelial cell interaction. Second, the invasion of HEC-1A cells is closely related to the translocalization to the cancer cell surface of MMPs secreted by stromal cells. Third, MMP-2, rather than MMP-9, seems to play a major role in the invasion of HEC-1A cells. Finally, HEC-1A cell invasion suppressed by progesterone could be in part ascribed to the increased availability of the tissue inhibitor of metalloproteinase (TIMP). An altered balance between MMPs and TIMPs could result in alteration of proteolytic activity. A schematic description of our conclusion is presented in Fig. 7 .
In vitro models can never simulate in vivo conditions completely, but they can be helpful in studying single parameters of a complex system. The model described here differs from other models so far described in terms of the high degree of specificity that interaction of cancer cells with stromal cells appears to have. Since endometrial cancer invasion is initiated by cancer-stromal interactions, our model may offer possibilities for the identification of molecules specifically responsible for paracrine mediation. Much interesting information could be obtained by further studies such as the effects of progesterone on the redifferentiation of cancer cells and role of HGF as a possible paracrine mediator.
